ABSTRACT We have measured the fluctuations in the current through gramicidin A (GA) channels in symmetrical solutions of monovalent cations of various concentrations, and compared the spectral density values with those computed using E. Frehland's theory for noise in discrete transport systems (Frehland, E. 1978. Biophys. Chem. 8:255-265 
INTRODUCTION
The transport of ions through a membrane channel has been traditionally described as a process of discrete jumps of ions over energy barriers in a static, rigid pore. However, molecular dynamics simulations of permeation in the gramicidin A (GA) channel (e.g., Fischer and Brickmann, 1983; Mackay et al., 1984 : Kim et al., 1985 Etchebest and Pullman, 1986a and b; Skerra and Brickmann, 1987) suggest that motions of coordinating groups in the GA channel, on time scales of picoseconds to nanoseconds, are essential to the ion transport process. It has also been suggested that structural fluctuations on longer time scales, resulting in "fluctuating barriers" to ion transport, may also be important in determining the transport properties of a channel (Lauger, 1983; Eisenman, 1987 ).
The present series of papers has been concerned with experiments to characterize the fluctuations in ion current through "open" membrane channels. Some current fluctuations are expected to arise from the discrete nature of the current flow (individual ions move in discrete steps across the membrane), yielding "shot noise" analogous to that seen in electronic devices. Additional noise would be expected if the ion-transport process is modulated, e.g., by fluctuating barriers (Lauger et al., 1980) . Measurements of currents in acetylcholine receptor channels (Auerbach and Sachs, 1983; Sigworth, 1985 Sigworth, , 1986 as well as measurements made on other channel types (Eisenberg et al., 1988 (Eisenberg et al., , 1989 reveal fluctuations in excess of shot noise which are likely to arise from internal motions of the channel protein. Subsequent experiments with channels formed by GA and several analogues also showed spectral density values several times that expected from shot noise (Sigworth et al., 1987) . These measurements were made on Cs' currents with the GA channels in diphytanoyl phosphatidylcholine/decane membranes, and showed a constant spectral density within the range of measurement (up to 20 kHz) suggesting that the time scale of underlying structural fluctuations would be shorter thañ 5,us.
The ion transport process in GA channels has been studied intensively (see, for example, Finkelstein and Andersen, 1981; Hladky and Haydon, 1984) and the channel structure, a head-to-head dimer of beta helices, has been well established (Urry, 1971; Urry et al., 1983; Arseniev et al., 1985) . Thus we felt that if we could determine the time scale of the excess current fluctuations, and which steps in the ion transport process were important in causing them, we could begin to assign the structural basis of the fluctuations. We have not been able to determine the time scale directly, because our measurements of GA channel noise have been limited to a bandwidth of 20 kHz. However, we have started to compare our measured spectral densities with the predictions from specific kinetic schemes for ion transport, using the theory of Frehland (1978 of Frehland ( , 1980 . In the calculations we take the "low-frequency" limit corresponding to our accessible frequency range, but nevertheless can obtain estimates at relevant time scales by comparing theory with experimental data obtained at various ion concentrations.
In a first application of this approach, calculations were performed using two standard models for GA ion transport: the three-barrier, two-site transport [3B2S] model of Finkelstein and Andersen (1981) ; and the three-barrier, four-binding site [3B4S] model of Eisenman and . These calculations failed to predict the large current fluctuations that were observed (Sigworth and Shenkel, 1988) . We then extended the 3B2S model to explicitly include blocking steps in the transport scheme and were able to estimate blocking dwell times of -100 ns for formamide molecules in the GA channel (Heinemann and Sigworth, 1988) and dwell times of -12 ns of Na+ in the channel based on induced noise in H+ currents (Heinemann and Sigworth, 1989) . In the course of these two studies we noticed that Na+ and K+ currents with GA channels in glycerol-monooleate (GMO)/squalene membranes actually had noise spectral densities below the classical shot noise values; this is a behavior predicted by the 3B2S and 3B4S models.
Thus it appeared to us that ion transport fluctuations might depend on ion species and membrane composition, as well as ionic strength. In the present work we have therefore studied the concentration dependence of mean currents and noise in GA channels using GMO/squalene membranes and solutions of NH4Cl, NaCl, KCl, RbCl, and CsCl. Further, presuming that the dependence of fluctuations on membrane composition may occur through the membrane thickness, we performed experiments with lipids of various chain lengths. We describe the results in terms of an extended version of the 3B2S model which simultaneously describes the single-channel current and spectral density observed under these various conditions. The model implies that the excess current fluctuations arise from structural fluctuations at the channel entrances.
METHODS

High-resolution recordings from microbilayers
Artificial bilayers were formed on pipette tips (3-5 gm diameter) and the currents through GA channels were recorded as described by Sigworth et al. (1987) . In most experiments the lipid was 40 mg/ml GMO in squalene. To 
Open channel noise analysis
The open-channel current noise was analyzed as previously described (Sigworth, 1985) . Closing events of durations as short as -10 ,ss were masked out before calculating the Fourier transform in blocks of 1,024 data points sampled at 44.1 kHz. The resulting power spectra, corrected for the transfer function of the recording system, were averaged in sets according to the number of channels open at the corresponding time.
THEORY
Current noise in a discrete transport system
The ion conduction through channels can be modeled as a transport system having discrete states connected by transition rates. A state is defined by the ion occupancy (i.e., which of the discrete binding sites in the channel are occupied by ions) and sometimes also by the conformational state of the channel protein. As an example, consider the transport of a single ion in a channel with two binding sites, which consists of the following three steps. First there is a transition from the empty channel state to a state in which one site is occupied by an ion (association of an ion with a binding site); then a transition to another state with the ion at the site at the opposite end of the channel (translocation of the ion); finally, a transition back to the empty state (ion dissociates).
Treating this model as a Markov process, time development of the probability (ni) of being in each state i is given by a master equation, (Nyquist, 1928; Lauger, 1978) :
Single-channel experiments are usually carried out far* from the thermodynamic equilibrium, because a voltage gradient is applied to generate a measurable ion current. For this case we use the more general treatment of discrete transport systems by Frehland (1978 Frehland ( , 1980 Examples of current noise
Before we consider the behavior of the GA channel we first consider the noise in the simple ion-transport processes shown in Fig. 1 .
Shot noise
The classical theory of shot noise (Schottky, 1918) assumes that charge transport is unidirectional, occurs in an instantaneous process, and that the charge movements are uncorrelated in time (that is, they occur as a Poisson process; Fig. 1 A) . The spectral density of the fluctuations is then given by Schottky's formula,
The spectral density is proportional to the single-channel current i and the charge q of the transported ion, and does not depend on frequency. blocking events, the power spectrum can be approximated by (Sigworth et al., 1987) Si(f) = 2iq + 4XrA I + (21fT)2 A
Multistep transport One expects that if ions pass through a channel in multiple steps, each moving the ion through only a fraction of the width of the membrane, the result will be less transport noise than in the simple shot process (Frehland and Stephan, 1979 (Finkelstein and Andersen, 1981) . Although this model successfully describes the main features of ion transport, there is evidence that the ions sense two more sites close to the channel mouths . A simplification of such a four-site model is shown in Fig. 2 B. To account for the electrical repulsion of ions in close proximity, the maximum occupancy of the channel is restricted to two ions, and it is assumed that neighboring binding sites cannot be occupied simultaneously . With these restrictions the number of possible states of the channel is reduced from 16 to eight. 
,rOOOO'f FIGURE 2 Possible models for ion permeation through the GA channel. The boxes denote the channel pore, with 'O' representing an empty ion binding site, and 'I' an ion occupying a site. (A) The two-site model after Finkelstein and Andersen (1981) . (B) A simplified version of the four-site model of , which includes two additional sites close to the channel mouths. The model is simplified by the assumptions that only two ions can occupy the channel at a time, and two neighboring binding sites may not be simultaneously occupied kinetic models. For simplicity in this calculation all ion association rates were set equal, as were the various dissociation rates and the translocation rates (see the legend for values). The energy profiles for the passage of one ion, which indicate the position of the binding sites in the electric field, are shown as insets in the figure. For both the two-site model (Fig. 3 A) and the four-site model ( Fig. 3 B) it is seen that the single-channel current saturates at high ion concentrations. The noise ratio (the ratio of the zero-frequency spectral density to Sshot) approaches unity at low ion concentrations and goes through a minimum at concentrations where the channel is approximately half-occupied by ions.
The concentration dependence of the noise ratio can be understood as follows. At low concentrations the single rate-limiting step is the association of an ion with the channel; once associated the various transport steps occur in rapid succession, such that at low time resolution (i.e., low frequencies) they together appear to result in a single S,h,. does when i -0 (Eq. 6). In A the two-site model was used withf! =f2 = 6.0 x 107 s'Imol-, r= r2 = 7.0 x 106 s-1, and t -2.6 x 107 s-'. In B the four-site model had all association ratesf -3.4 x 109 s-mol', the dissociation rates r, -2.4 x 10'0 s-', and the translocation rates t, = 1.2 x 108 S-l. The apparent energy profiles for one ion are shown in the insets which also illustrate the position of the binding sites in the electric field.
pulse of current with area q. This is equivalent to the classical shot noise process, and so yields a noise ratio of unity. At higher concentrations the association rate and various other transport rates become comparable in magnitude. Because of the single-file nature of the transport, we have the case as in Fig. 1 C where one ion must wait a significant interval while another ion is being transported. This results in a reduction of the low-frequency spectral density below Sshot. The right panels of Fig. 3 show the dependence of the single-channel current and S/Sshot on the membrane potential at a fixed ion concentration (640 mM). The noise ratio diverges as the voltage approaches zero potential, as would be expected because we normalize the spectral density to the Schottky noise (Eq. 6) which, because it assumes a unidirectional ion flux, does not contain the equilibrium thermal noise (Eq. 2).
Thus the main feature predicted by both of the popular schemes for GA ion permeation is a reduction in the noise ratio when the channel occupancy becomes appreciable. Given the correct model, the particular concentration dependence of the noise ratio would allow estimates to be made for the relative values of rates that, being in the range of 107 s-', are too rapid to be observed directly.
Neither of these models predicts a noise ratio greater than unity at high potentials (i.e., > 100 mV) and therefore will 
RESULTS
Ion dependence of channel transport noise
Currents through GA channels show brief interruptions (gaps) with mean duration -10 ,us and a frequency of occurrence that depends on the solvent used for preparing the lipid bilayers (Sigworth and Shenkel, 1988) . These gaps, if not properly masked from the recording before calculating the power spectrum, would give rise to a considerable excess noise as described by Eq. 7. Assuming that this effect depends on membrane thickness, we used GMO/squalene membranes, which are thin and almost solvent free (White, 1978; Waldbillig and Szabo, 1979 Fig. 4 B show superimposed power spectra of the baseline and the open-channel currents, whose differences (Fig. 4 C) are taken to be the channel noise Corresponding experiments were performed for NH4', Na+, K+, Rb+, and Cs' at various ion concentrations and membrane potentials. Fig. 5 presents the results for each ion along with sets of curves computed, as in Fig. 3 from models of the permeation process. The concentration dependences of noise ratio and current are shown from measurements at 200 mV, whereas the voltage dependences were from measurements at 640 mM salt concentration (1.0 M for Na+).
In the cases of NH41 and Na+ the measured noise ratio is lower than 1.0 in the concentration and voltage range explored. A fit to these data of the four-state model of Fig.  2 A (dotted curves) resulted in a quite satisfactory match, suggesting that the observed noise in currents of these ions arise only from the transport process, with no excess resulting from protein fluctuations. However, in currents of K+, Rb+, and Cs+ the noise ratio increased considerably above unity at low ion concentrations; as we have seen, neither of the two models of Fig. 2 predicts ratios > 1.
An explanation for an increase in noise at low ion concentrations would be a conformational fluctuation that occurs preferentially when the channel is empty. This is illustrated in Fig. 6 A, where the concentration dependence of the spectral density is compared for three different kinds of stepwise reductions in permeation rates, occurring at mean frequencies of 1.0 x 104 s-1 and lasting -1 s. The solid curve shows the prediction of a scheme in which the ion entry rate can switch from its normal value to a lower one for brief periods while the channel is empty. The excess spectral density (shaded region) is largest at low concentrations where the ionassociation step is rate-limiting in the permeation process. On the other hand, the noise from rapid channel "gating" (dotted curve), here assumed to have kinetics that are independent of the ion-occupancy state, is larger at higher concentrations because it is proportional to P2 (Eq. 7).
Excess noise from a fluctuating central barrier (dashed curve) shows an even steeper increase at high concentrations because only in that region do the translocation rates across the barrier become rate limiting for ion transport.
The model for a fluctuating ion-entry rate which yielded the solid curve in Fig. 6 A is illustrated in Fig. 6 To fit the data with the five-state model, we first setft to zero to estimate the required magnitude of X and r (see below). Then for the fits, shown as solid curves in each part of Fig. 5 , we kept these parameters constant at X = 3.5 x 104 s-' and r = 3.0 ,is. Even with these constraints we obtained better fits than with the model lacking theft transition. The sets of parameters obtained in the fits for each ion species are listed in Table 1 .
The dotted curves in Fig. 5 were calculated in each case from the corresponding four-state model (by setting X to zero). It should be noted that although the addition of the blocked state of the channel causes a substantial increase in the noise, it makes little change in the channel current. Dotted curves as plotted in the panels of Fig. 5 (Sigworth and Shenkel, 1988) . We therefore performed experiments using monoglycerides (Fig. 6 ) to the data with the transition rates to the blocked state fixed at r = 3.0 As and X = 3.5 x I04 s -'. The dotted curves were calculated for the four-state model (Fig. 2 A) Fig. 7 were drawn using the same parameters as for the KCl data in Fig. 6 , but with changes in the transition rates involving the blocking step. The entry ratef, was set to zero, leaving only X and r to vary to fit the data. As in the preceding figure, dotted curves show the corresponding results for the four-state model. The noise ratio values in the thinnest membranes (C 1: 16) were so low that the four-state model was sufficient to describe the data. With increasing chain length, however, X and r had to be increased to describe the increasing noise. Only a few data points were obtained for the long-chain lipids, but the noise ratio is seen to clearly increase with chain length, from 0.53 in GMPalmitolein to 1.06 in GMErucin in 640 mM KCl at 200 mV.
In fitting the data in Fig. 7 we found that the parameters X and r were not independently constrained by the available data. However, the quantity Xr2 was well defined; it is a rough measure for the low-frequency excess noise generated by a blocking mechanism (Eq. 7). (Kolb and Bamberg, 1977; Rudnev et al., 1981; Hladky and Gruen, 1982; Elliott et al., 1983) . The squares in Fig. 8 show the parameters determined from GMO/decane membranes. The noise ratio S/SSbot appears to saturate, as do the fitted values of X and r (at roughly 4.0 x 104 s-' and 1.5-2.0 ,us, respectively) for thick membranes. The saturation is likely a result of the masking procedure which we apply to eliminate timeresolved, brief channel closures. An estimate of this effect is shown in the Appendix.
A similar series of experiments was performed with CsCl solutions, as summarized in Fig. 9 (note that the data points in Fig. 9 were not obtained under identical experimental conditions). For reasons of limited membrane stability the experiments were more difficult to perform in CsCl than in KCl, and these data have a wide Heinemann and Sigworth Open Channel Noise SlSsh, as function of ion concentration, using the same parameters and four-state model as in Fig. 3 The four-state model (Finkelstein and Andersen, 1981) Under certain conditions the current noise in GA channels can be accounted for entirely by the "shot noise" . These models predict spectral densities lower than classical Schottky noise (Eq. 6) at intermediate ion concentrations because of the multiple steps in the ion transport process, and such a reduction in the noise ratio is in fact observed.
The lack of excess current fluctuations suggests a remarkable lack of structural fluctuations, because minor changes in amino acid side chains have been shown to have dramatic effects on ion permeation (Andersen et al., 1987; Becker et al., 1989) . Besides the lack of rapid fluctuations the channel current shows only occasional sublevels and brief gaps of -1 ms and -10I,s, respectively (Ring, 1986; Sigworth and Shenkel, 1988) ; while the lifetime of the GA dimer in a thin membrane is -10 s. Thus it appears that the GA channel is essentially a rigid pore on time scales from seconds down to the dwell times for ion transport, 10-100 ns, and the conduction process must also be little affected by fluctuations in the lipid environment on this time scale (Hladky and Gruen, 1982; Crawford and Earnshaw, 1987) . Our measurements can say little about structural fluctuations on time scales <10 ns, which however are likely to be substantial. The lowest normal mode frequencies of the GA dimer are -10" Hz (Roux and Karplus, 1988) , and librations of the peptide carbonyl groups on the time scale of -1 ps are expected to be important in the motion of an ion through the channel (Fischer and Brickmann, 1983; Urry et al., 1984b) .
The low current noise in the GA channel is a property , and GMErucin (C 1:22) in squalene (40 mg/ml). Data from one experiment with GMO in decane (C I 8/decane) are also shown. The experiments with GMErucin were performed at 270C. Theoretical curves for the five-state (solid) and four-state (dotted) models are shown as in Fig. 5 ; they were calculated from the parameters for K+ currents in GMO/squalene membranes (Table 1 and Fig. 5 ). The dotted curves are identical in each case. The solid curves were fitted by varying only the blocking parameters X and r, whereasfl was set to zero. It is seen that the noise ratio becomes larger as the lipid chain length is increased. A large increase in noise is also seen with decane as the membrane solvent, which yields thicker membranes.
Heinemann The squares denote experiments in GMO/decane. The estimates for r and X range from < 5.0 x 10-8 s and <600 s-' for the thinnest membranes to 1.9 x 10-6 s and 4.5 x 104 s-' for GMO/decane membranes. Estimates for membrane thickness were obtained from the literature (Kolb and Bamberg, 1977; Rudnev et al., 1981; Hladky and Gruen, 1982; Elliott et al., 1983) . as function of the estimated membrane thickness at 200 mV and room temperature. The circles represent experiments in 640 mM CsCl with squalene as solvent; the triangles denote experiments in GMO/hexadecane and 500 mM CsCl, the squares represent experiments of LAla7-GA in diphytanoyl phosphatidylcholine/decane membranes and 1.0 M CsCl (Sigworth et al., 1987) . The estimates for r and X range from 1.7 x 10-6 s and 2.7 x 10'S-for GMP membranes to 3.3 x 10-6 S and 3.9 x 104 S'l for the data with L-Ala7-GA. (Sigworth, 1985) , a cation channel in frog lens epithelium (Eisenberg et al., 1988) and a potassium channel of lobster sarcoplasmic reticulum (Eisenberg et al., 1989) . Currents in these channels also show low-frequency excess noise that is suggestive of millisecond time scale fluctuations.
Ion-dependent excess noise
Under some conditions the currents in the GA channel can show noise spectral densities several times that expected for simple shot noise, as has been pointed out previously (Sigworth et al., 1987; Sigworth and Shenkel, 1988 (Kolb and Bamberg, 1977; Rudnev et al., 1981; Elliott et al., 1983) . The explanation for the lifetime variation is that the monomers can be separated by forces arising from the mismatch between bilayer thickness and channel length. Hydromechanical models for the deformation free energy of lipid bilayers containing surface tension, bilayer compressibility, and splay distortion have shown quantitative agreement with this idea (Huang, 1986;  Helfrich and Jakobsson, 1988) . It is therefore tempting to assume a similar mechanism for the description of the rapid transitions that give rise to the excess noise that we observe.
Besides this rather static mechanism in which a thick membrane pulls the GA molecules or parts of it apart to cause fluctuations, another possibility is that fluctuations in the lipid matrix are coupled directly to the ion permeation process. Hladky and Gruen (1982) predicted an rms thickness fluctuation that increases strongly if squalene is replaced by decane as solvent. The relaxation times of fluctuations in lipid bilayers are in an appropriate range to give rise to the current fluctuations. The formation of gauche conformations in the lipid acyl chains has a relaxation time of 5 ,us, for example (Crawford and Earnshaw, 1987) .
Time scale of fluctuations
The magnitude of the excess spectral density readily leads to an estimate of the product X r2, but an estimate of X or r alone, to give an idea of the time scale of the fluctuations, is more difficult to obtain. In our fitting procedure we have obtained estimates of these parameters from the concentration dependence of the noise spectral density. Intuitively one expects that the excess fluctuations due to channel block will vanish when the block time becomes shorter than the time between ion transport events. Since the rate of transport varies with the ion concentration, the detailed dependence of spectral density on concentration should therefore reflect the time scale of block. More direct measurements of the block time are likely to be possible in the future through the analysis of higher moments of the fluctuation amplitude distribution, or by measuring power spectra at higher frequencies.
The value of -3 ,us that we obtain for r means that the blocking events are tantalizingly close to being directly observable in recordings of channel currents. As predicted by the five-state model, however, the blocking events are shortened by ion entry (via the rate fP) at the higher concentrations where the channel currents are large and short events can best be detected. For example, the large excess noise in 100 mM CsCl apparently arises from 1 ,As blocking events, much shorter than our -10 As limit for detectable current interruptions. On the other hand, the brief gaps whose frequency of occurrence increases dramatically in thick membranes (Sigworth and Shenkel, 1988 ; also see Appendix) are likely to be dwells in the blocked state, made visible by a lengthening of r.
What forms the fluctuating barrier?
The evidence for a fluctuating barrier to ion entry is the observation of excess noise at low ion concentrations, as seen in the present work and in the preceding paper in this series (Sigworth et al., 1987 and fluctuations of the energy profile. As a minimum requirement, however, some sort of fluctuation or blocking process is clearly necessary to account for the excess noise that we have characterized here.
A difficulty with the five-state model is its implication that the structural change that yields the blocked state is not confined to the ends of the channel. The blocked state must arise from a global change of the channel structure, since it simultaneously prevents ion entry at both ends of the channel, and is allowed only when ions are absent from both ends of the channel. Consider an alternative model in which each end of the channel behaves independently, making a transition with rate X' to raise its barrier whenever its binding site is empty (Fig. 10) . This scheme has potentially many more free parameters, but for simplicity we assume that the ion entry rate is the only rate influenced by the structural transition of an end of the channel. Even with these constraints the predictions of this model are essentially identical to those of the fivestate model. The probability of the new, ion-occupied blocked states (01] and [10) is very low because the rates of leaving these states are much higher than X': specifically, the rapid translocation rate t, allows an ion, if present anywhere in the channel, to effectively keep both ends of the channel out of the blocked state. Thus this model is functionally equivalent to the five-state model but supports the appealing physical picture of local, rather than global, structural fluctuations.
What part of the channel structure likely causes the fluctuating barrier? Similar levels of excess noise are observed in gramicidin analogues that are modified at positions 5-8, i.e., near the middle of the polypeptide chains (Sigworth et al., 1987) ; recordings from covalently linked gramicidin dimers (Heinemann, S. H., C. J. Stankovic, and S. L. Schreiber, unpublished results) also show excess noise. These results suggest that the fluctuations are not confined to central parts of the GA dimer and do not arise as part of the process of dissociation of the dimeric channel. The most likely site for the underlying structural fluctuations is the region of the COOH- terminus of each GA monomer, which forms the mouth of the channel. In this respect it is interesting to consider the case of NH4', whose entry is little affected by the fluctuating barrier. NH4' differs from the alkali ions in its ability to form hydrogen bonds, and so may be better coordinated in a transition state for entry into the channel.
From computer simulations it appears that the dynamics of the ethanolamine end group has a strong influence on the association of ions with the binding site (Etchebest and Pullman, 1986b) . One can imagine that the movements of this group, together with forces at the lipid-water interface, could result in the reversible breakage of the first one or two intrahelical hydrogen bonds. This may cause a poor coordination of entering ions (which in the case of NH4' is overcome by its ability to form H-bonds with the channel structure) or even a partial channel block by the ethanolamine moiety itself. Investigation of changes in the COOH-terminal group of GA, which by this hypothesis would have a strong effect on the open-channel noise, might therefore shed some light on the interactions between the channel protein and the lipid-water interface.
Another possibility is that the observed fluctuations arise from the reorientation of the side chains of the tryptophan residues which are located near the ion binding sites. Such a mechanism was suggested as the basis for low-conductance states of the channel having lifetimes on the order of seconds (Urry et al., 1 984c), but is also likely to occur on a much shorter time scale. One expects that channels in which phenylalanine is substituted for tryptophan (Becker et al., 1989) would show substantially different noise characteristics if this hypothesis were true.
APPENDIX
The derived parameters of the blocking equilibrium appear to saturate for thick membranes, as shown in Fig. 8 . This is most likely an effect of the masking procedure which we applied to the recorded data to remove brief channel closures before computing the spectrum (Sigworth, 1985) . In this appendix we estimate the magnitude of the effect of masking on the spectral density due to brief closing events.
Let the measured noise S(O) be entirely generated by a blocking mechanism, parameterized by X and r. Then we would measure
without masking, where i is the single-channel amplitude. If all closing events longer than tm are eliminated, there remains a reduced spectral density.
Sm(O) -2Xm(t )i2 (9) with Xm = X f" ! exp-'/1dt
(10) Ratio S(0)/Sm(0) for various masking cutoff times tm and mean block dwell times T.
(t2 ) = ]' t2l expf/rdt.
In Table 2 the ratio S(0)/Sm(0) is shown for various masking criteria and block time constants. It is seen for r -3.5 psS the measured parameters as shown in Fig. 8 are subject to an underestimation by a factor of -2.
